Preparation of mRNA and DNA
Conclusion. The method reported here is simple and reliable, and especially suitable for quantitating specific mRNA Six-to eight-week-old male Sprague-Dawley rats were amounts in minute tissue samples such as microdissected nephused. Nephron segments were obtained by microdissecron segments.
tion as previously reported [3] . In brief, the left kidney was perfused with "incubation solution" [Dulbecco's modified Eagle's medium (DMEM) solution containing 0.1% collaWith the explosive advances in biological sciences, genase and 0.1% bovine serum albumin (BSA)] and sliced studies on specific gene expressions at cell level have with a razor blade. Tissue fragments were then incubated become increasingly more important. The present study in the incubation solution for 30 minutes at 37ЊC. Microintroduces a simple and reliable method for quantifying dissection was performed at 4ЊC in "microdissection somRNA levels in minute tissue samples by a modified relution" containing (in mmol/L) 137 NaCl, 4 KCl, 1 CaCl 2 , verse transcription-polymerase chain reaction (RT-PCR).
1 KH 2 PO 4 , 1 MgSO 4 , 5 glucose, 5 lactate, 10 NЈ-2-ethaneUsing this method, we examined porphobilinogen desulfonic acid, and 0.1% BSA; and the pH was adjusted aminase (PBGD) mRNA expression in microdissected to 7.4 with NaOH. Microdissected nephron segments nephron segments.
(10 glomeruli or 2 mm of each tubular segment) were rinsed carefully in another dish and transferred to a 1. were added and stored at Ϫ20ЊC overnight to precipitate maining RT primer may anneal with genomic DNA and consequently cause a false-positive result. In the present the nucleic acids. The tubes were then centrifuged, and the pellets were rinsed with 70% ethanol and used in study this problem was resolved using a system of UDG [5] . RT primers were sensitized to UDG by replacing all subsequent steps. In this way, both RNA and DNA in the sample were totally recovered.
of the T residues with U residues. Prior to PCR, the samples were incubated with UDG to eliminate all of MRT-PCR of PBGD the remaining RT primers. This step also will truncate the 3Ј end of the first-strand cDNA (the part of cDNA The present study involved use of a modified quantitative RT-PCR based on mutagenic RT-PCR (MRT-PCR) derived from the RT primer itself). Prior to UDG treatment, the second-strand cDNA that was resistant to the as reported [3] . The principle of the original MRT-PCR was as follows: introduction of a point mutation in cDNA enzyme treatment was synthesized by one cycle of PCR. The primer used in this step was designed to anneal only during the RT step, parallel amplification by PCR of cDNA and corresponding sequence of genomic DNA with cDNA. The structure of the rat PBGD gene was deduced from the reported sequence of the mouse PBGD using a set of primers on the same exon, and estimation of the amount of mRNA per cell by comparing the PCR gene [6] , and the primer was designed to span exons 13 and 14. Thus, the procedure resulted in selective ampliproduct from cDNA and that from genomic DNA. The present study describes several improvements in the fication of cDNA (SAC). Primer used for SAC (SAC primer; Table 1 ) was added to the samples and one cycle method, as will be discussed here in detail:
The primers used in the present study are listed in of PCR (denaturing at 94ЊC for 40 sec, annealing at 60ЊC for 40 sec, and extension at 72ЊC for 20 sec) was per- Table 1 . Pellets of nucleic acids were dissolved in RT buffer containing RNase inhibitor and a specific RT formed. Then UDG, PCR primers, and TAQ polymerase were added; after UDG treatment (incubation at 35ЊC primer. Samples were heated once to 60ЊC and cooled to 42ЊC to denature possible secondary structures of for 30 min), 40 cycles of PCR was performed. Both PCR primers were designed on exon 14 so that mRNA and to promote complete annealing of the RT primer to mRNA. AMV reverse transcriptase was then the corresponding sequence of genomic DNA was amplified during PCR in parallel with cDNA. Sense PCR added and reverse transcription was performed at 42ЊC for 60 minutes. The RT primer was designed to introduce primer was downstream on the SAC primer (Table 1) and served as a "nested primer" to intensify the specifica deletion mutation in the cDNA. The primer was a DNA oligonucleotide of 45 bases and with a sequence ity of the product [7] . Antisense PCR primer was identical to the 3Ј part of RT primer except that T residues corresponding to two separate parts of the rat PBGD gene: bases 995 to 1013 and 1056 to 1081 of the reported were used instead of U residues. PCR cycles were denaturing at 94ЊC for 40 seconds, annealing at 60ЊC for 40 sequence of rat PBGD cDNA [4] . The portion corresponding to bases 1014 to 1055 was omitted. Thus, the seconds, and extension at 72ЊC for 20 seconds. After 40 cycles of PCR, the samples were analyzed on acrylamide synthesized cDNA has 42 deleted bases compared to the corresponding sequence of genomic DNA.
gel electrophoresis. Images of PCR products stained with ethydium bromide were analyzed using NIH image softThe MRT-PCR system is problematic in that the re- 
Measurement of PBGD activity in tissue homogenates
ware on an Apple Macintosh personal computer. The expected lengths for PCR products were 109 bp for After perfusing the left kidney and the liver with "incucDNA and 151 bp for genomic DNA. The amounts of bation solution," small pieces of tissue were obtained from cDNA products and those of genomic DNA were asthe liver and the kidney cortex, outer medulla, and insessed from the intensities of the bands, and after correcner medulla. The samples were homogenized in 0.25 mol/L tion for the length of each product, the quantity of sucrose solution. After centrifugation at 105,000 ϫ g, the mRNA per cell was expressed as a ratio of these two supernatants were collected. Then, 0.70 mL of supernaproducts (CG ratio). tant and 0.2 mL of PBG (0.6 mmol/L) in a Na-phosphate buffer (0.38 mol/L, pH 7.8) were mixed and incubated MRT-PCR of ␤-actin in dark at 37ЊC for 60 minutes. After incubation, 0.1 mL MRT-PCR of another housekeeping gene, ␤-actin, of 0.5 mol/L trichloroacetic acid (TCA) containing 0.6% also was performed. Since ␤-actin is an abundant traniodine was added to terminate the reaction. Then the script, precise estimation of the amount of its mRNA is samples were centrifuged at 3,000 ϫ g for five minutes, difficult using a simple comparison with genomic DNA. and the supernatants collected and used for fluorometric Thus, another approach was adopted-selective amplidetermination of synthesized uroporphyrin I (URO) usfication of genomic DNA (SAG) by several cycles of ing an F-2000 fluorescence spectrophotometer (Hitachi). PCR-to circumvent this problem. After RT, SAC for
The excitation and emission wavelengths were 405 nm the synthesis of second-strand cDNA and UDG treatand 597 nm, respectively [8]. The enzyme activity was ment, samples were placed in several tubes and different expressed as URO (pmol)/tissue amount (mg)/time (h). cycles of PCR were performed. The primers used here (SAG primers) were designed to amplify only genomic RESULTS DNA; sense primer was on a neighboring intron, and Quantitative analysis of PBGD mRNA in different antisense primer was downstream on the RT primer.
nephron segments was performed using MRT-PCR. The After SAG, parallel PCR of cDNA and genomic DNA segments examined were the glomerulus (GL), proximal were performed using PCR primers common to both convoluted tubule (PCT), proximal straight tubule (PST), types of DNA. The ratios of cDNA and genomic DNA medullary thick ascending limb of Henle (mTAL), cortiproducts (CG ratios) were plotted for the number of cal thick ascending limb of Henle (cTAL), distal convo-SAG cycles, and the ratio at 0 SAG cycles was calculated luted tubule (DCT), cortical collecting duct (CCD), and from the regression line. The amount of mRNA was outer medullary collecting duct (OMCD). Figure 1 deexpressed as a CG ratio at 0 SAG cycles.
picts
the MRT-PCR results for four different nephron MRT-PCR for tissue homogenates
segments. The results demonstrate that substantially more PBGD mRNA was expressed in tubular segments MRT-PCR of a greater amount of tissues required than in glomeruli. The experiments were repeated five homogenization and purification of nucleic acids. Hotimes for each segment, each time with samples from mogenization of tissue was performed in "denaturing different animals. The quantity of PBGD mRNA per solution" and nucleic acids were purified by several steps cell was expressed as CG ratio. PBGD mRNA levels in of phenol-chloroform extraction. To minimize the loss different nephron segments were summarized in Table 2 . of nucleic acids in these steps, as small an amount of Since the primers used for MRT-PCR of PBGD were tissue as possible (around the order of 10 Ϫ6 L) was used for these procedures.
common to both the erythroid and housekeeping types, the presence of the former type of PBGD in nephron segments cannot be ignored. Conventional RT-PCR using specific primers on different exons confirmed that only the housekeeping type was present in these cells (data not shown). The difference in PBGD mRNA levels in glomeruli and tubular segments was confirmed by parallel MRT-PCR of PBGD and ␤-actin, which is another housekeeping gene. The result of MRT-PCR for PBGD and ␤-actin in glomeruli and PCT is depicted in Figure 2 . Because ␤-actin cDNA PCR products were abundant compared to those of genomic DNA, its band was weak compared with that of cDNA, and it was hardly possible to calculate the CG ratios from the band densities. To circumvent this problem, only genomic DNA was amplified (SAG) prior to parallel PCR of cDNA and genomic DNA. At of cycles. The calculated CG ratio of ␤-actin at 0 cycles of SAG in this experiment was 17.8 for glomeruli and 23.8 for PCT, and that of PBGD was 0.79 for glomeruli and 5.18 for PCT.
PCR. The PBGD mRNA levels were 0.88 Ϯ 0.08 in the Enzyme activity of PBGD in tissue homogenates was inner medulla, 2.08 Ϯ 0.29 in the outer medulla, 2.36 Ϯ measured and the results were compared with mRNA 0.33 in the cortex of the kidneys, and 3.17 Ϯ 0.36 in the levels determined by MRT-PCR. Experiments were perliver. As shown in Figure 3 , the enzyme activity and formed for the kidney inner medulla, outer medulla, cormRNA level of PBGD show excellent correlation. tex, and the liver. PBGD enzyme activities were (URO pmol/mg/h) 5.54 Ϯ 0.89 in the inner medulla, 13.26 Ϯ DISCUSSION 0.95 in the outer medulla, 14.33 Ϯ 0.60 in the cortex of the kidneys, and 17.57 Ϯ 2.34 in the liver. PBGD mRNA Our study presents a modified method of quantitative RT-PCR. The difficulty of quantifying mRNA using in tissue homogenates was also measured using MRT-RT-PCR arises from two characteristics of PCR: ampliwith "laser-assisted cell picking" [2] , for example, may present a powerful tool for analyzing mRNA expressions fication of small variations in each cycle and a plateau effect at the later cycles. Although introduction of interat cell levels. With all these advantages, using genomic DNA as a nal competitive control ("competitive PCR") solved such problems and was a great success [9], procedures to prestandard also may pose some problems. Conventionally, some kind of RNA such as total RNA, poly-A RNA, pare an artificial competitor are labor-intensive. In contrast, the recently introduced real-time quantitative RT28s rRNA, or mRNA of a housekeeping gene is used as the standard. Compared with these methods, estimating PCR is easy to perform [2] . However, this procedure requires a specialized facility. In addition, some internal specific mRNA levels per cell by using genomic DNA as a standard may give higher values in larger cells comcontrol is necessary and PBGD mRNA has been used for that purpose [1] . Using a so-called housekeeping pared with smaller cells. In this context, we investigated the possibility that our result demonstrating a lower gene as a control always presents a problem in that its expression is not necessarily consistent, as is the case for PBGD mRNA in glomeruli than in tubular segments may simply reflect the difference in cell sizes. This was PBGD shown in the present study.
The method used in our research has made several achieved by measuring ␤-actin mRNA in these cells using the same method as used in PBGD, and similar levels improvements compared with the previously reported MRT-PCR [3] . First, the step of restriction enzyme treatof ␤-actin mRNA in glomeruli and PCT indicate that the difference in PBGD mRNA quantity really reflects ment is omitted as it uses deletion mutation instead of point mutation, thus minimizing the problem of heterothe difference in its expression. The result that mRNA per cell and enzyme activity per tissue weight in kidney duplex [10] . Although an appropriate length of intron can be exploited for distinguishing the products of cDNA and liver correlated well indicates that the genomic DNA content per tissue weight in these two organs are similar, and genomic DNA, such an intron may be difficult to find in many cases. Second, the system of UDG has been which is the case in a reported by David and Frank [11] . In addition to the problem of cell size, yield of RNA and introduced to remove remaining RT primers. Third, comparing the amount of cDNA products with those of DNA while preparing samples may vary depending on cell types. Considering these possible shortcomings, we genomic DNA is possible only when the amounts of both of them are comparable, and abundant or rare transcripts must be careful when applying the MRT-PCR in comparing mRNA levels in different cell types. In contrast, were difficult to quantify using the method. The present study introduced SAG for abundant transcripts. We am-MRT-PCR will be especially suitable for the study of gene expression in one cell type under different physioplified genomic DNA up to the point where cDNA and genomic DNA were about the same amount, and estilogical conditions where there is no alteration in cell size. Using the method, we examined PBGD mRNA quanmated mRNA levels by CG ratios before this point. Considering the problem of heteroduplex [10], however, tities in microdissected nephron segments. PBGD is the third enzyme of the heme biosynthetic pathway [12] . it may be better to choose the series of cycles where CG ratios span the value of 1. The same principle as SAG It has two isoforms transcribed from a single gene by alternative splicing [13] . One of the two is expressed excan be applied for rare transcripts by amplifying only cDNA prior to parallel PCR by repeating SAC treatment clusively in erythroid cells (the erythroid type), whereas the other is known to be present in all cell types (the (data not shown).
While the concept of an internal control of "competihousekeeping type). The housekeeping type of PBGD mRNA has been used as a standard for RT-PCR in tive PCR" is successful, the MRT-PCR has three advantages over its predecessor technology, especially when recent studies [2, 14] because its gene is reported to be free of pseudogenes [1] . PBGD mRNA generally is handling minute tissue samples. First, the step of preparing control nucleic acid is not necessary. Second, quantibelieved to be expressed uniformly in all types of tissue [1] . However, considering that PBGD enzyme activity fying the amount of starting material is not required because using intrinsic genomic DNA as a standard enshows tissue dependent variation, even the housekeeping type of PBGD may represent some tissue specific differables a direct estimation of the levels of mRNA per cell. Third, no mRNA purification is needed with this method.
ences. We have shown that tubular PBGD mRNA was much more abundant than that in glomeruli. Our results For microdissected nephron segments contamination of protein was negligible, and both RNA and DNA were suggest that tubular segments express substantially more PBGD than glomeruli. Such abundant expression of directly precipitated after denaturing cells. In the case of tissue homogenates, any contaminating protein must PBGD in tubular segments may reflect the fact that heme proteins such as cytochrome p-450 play important roles be removed by an additional step of phenol/chloroform extraction. This step may result in some loss of nucleic in these cells [15, 16] . The PBGD gene is known to be the target gene for acids. For that reason, using as small an amount of tissue as possible is recommended. Combining this method the pathogenesis of acute intermittent porphyria (AIP)
